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Edited by Gianni CesareniAbstract Acyl-homoserine lactone (AHL) quorum sensing sig-
nals play a key role in synchronizing virulence gene expression
in Pseudomonas aeruginosa, which could cause fatal bloodstream
infections. We showed that AHL inactivation activity, albeit
with variable eﬃciency, was conserved in the serum samples of
all the 6 tested mammalian animals. High-performance liquid
chromatography and mass spectrometry analyses revealed that
mammalian sera had a lactonase-like enzyme(s), which hydro-
lyzed the lactone ring of AHL to produce acyl homoserine, with
enzyme properties reminiscent of paraoxonases (PONs). We fur-
ther showed that the animal cell lines expressing three mouse
PON genes, respectively, displayed strong AHL degradation
activities.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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aeruginosa1. Introduction
Quorum sensing (QS) is a cell–cell signaling process that
allows a bacterial population to coordinate gene expression
in a cell density-dependent manner [1,2]. Bacteria use this
mechanism to regulate a range of biological functions
including bioﬁlm formation [3] and expression of virulence
factors [4,5]. QS signals, such as acyl-homoserine lactones
(AHLs), are the essential components in microbial QS sys-
tems. The opportunistic pathogen Pseudomonas aeruginosa
produces two AHLs, N-(3-oxododecanoyl)-L-homoserine lac-
tone (3OC12HSL) and N-butanoyl-L-homoserine lactone
(C4HSL), which control production of extracellular virulence
factors and bioﬁlm formation [3–7]. Production of these
AHLs is hierarchically regulated in which threshold levels
of 3OC12HSL are required to activate the synthesis of
C4HSL [6,7]. Considerable attention has been directed at
developing anti-quorum-sensing agents as possible infection
control therapeutics [8–10]. This approach is particularly
attractive in the case of P. aeruginosa because this bacterium
could cause life-threatening chronic infections in the individ-
uals with the genetic disease cystic ﬁbrosis.*Corresponding author. Fax: +65 6779 1117.
E-mail address: lianhui@imcb.a-star.edu.sg (L.-H. Zhang).
0014-5793/$30.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2005.05.060It has been shown that certain bacteria have the ability to
interfere with QS. For example, AiiA, an AHL-lactonase en-
zyme coded by the aiiA gene from Bacillus sp., can hydrolyze
the lactone ring of AHL signals [10]. Evidence suggests that
Bacillusmay adopt this ability to boost its competitive strength
in ecosystems [11], as some bacterial species use AHL signals
to coordinate antibiotic production and the signals could spon-
taneously convert to bactericidal compounds [12,13]. Intrigu-
ingly, AHL inactivation activity has also been found recently
in human epithelia cells and plant seedlings [14,15], implying
that QS interference may also be one of innate defense mech-
anisms of higher organisms against microbial infections. How-
ever, it is not clear how widely this mechanism is conserved in
higher organisms. In our attempt to use AiiA-speciﬁc antise-
rum to neutralize the AiiA enzyme, we happened to notice that
anti-AiiA serum had a strong inactivation activity against
3OC12HSL. Further examinations conﬁrmed that this AHL-
inactivating activity was enzymatic and widely conserved in
the sera of mammalian animals including human but not in
chicken and ﬁsh. We also showed that mammalian sera had
a lactonase-like activity but with a catalytic mechanism diﬀer-
ent from the bacterial AHL-lactonase.2. Materials and methods
2.1. Chemicals
AHLs were synthesized as previously described [16] and were puri-
ﬁed using silica gel column chromatography and C18 reserve-phase
HPLC. Other reagents were purchased from Sigma–Aldrich unless
otherwise stated.
2.2. Bacterial strains and media
Agrobacterium tumefaciens strain NT1 (traR, tra::lacZ749) and
Chromobacterium violaceum strain CV026 were used as indicators in
the bioassay for AHL activity [16,17]. A minimum medium supple-
mented with X-gal (50 ng/ml) was used for bioassay using A. tumefac-
iens strain NT1 (traR, tra::lacZ749), and LB medium for bioassay
using C. violaceum strain CV026 [18].
2.3. Animal sera and puriﬁed AHL-lactonase
Human, mouse and ﬁsh sera were obtained from fresh blood of
healthy adults. Other sera used in this study were purchased from
GIBCO, Invetrogen Corporation (Carlsbad, CA, USA). The rabbit
AiiA-speciﬁc antiserum and puriﬁed AHL-lactonase were prepared
as described previously [10,19].
2.4. Bioassay of AHL inactivation activity
The reaction mixtures containing the indicated animal sera and
AHL in 0.1 M phosphate buﬀer saline (PBS, pH 7.3) were incubated
at 37 C and subsequently stopped by heating at 95 C for 3 min. Anblished by Elsevier B.V. All rights reserved.
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3714 F. Yang et al. / FEBS Letters 579 (2005) 3713–3717aliquot (5 ll) of reaction mixture was then loaded on top of a bioassay
agar slice. After incubation at 28 C for 24 h, the distance was mea-
sured from the origin of the sample loading and the last induced blue
colony (A. tumefaciens strain NT1 (traR, tra::lacZ749)) or purple col-
ony (C. violaceum strain CV026). The remaining AHL in the reaction
mixture was calculated based on the distance measured [9].
2.5. Expression of mouse PON genes in Chinese hamster ovary cell line
PON genes were ampliﬁed using FVB/N mice liver total RNA
using QIAGEN OneStep RT-PCR kit and corresponding primers
(PON1, forward 50-GGCCATGGCGAAGCTGCTAGCACTC, reverse
5 0-GGCTTGTCACAGATCACAGTAAAGAGC; PON2, forward
5 0-CCATGGGCCGGATGGTGGCTCTGA, reverse 5 0-TGGAGG-
CACGGAGGGGGAAGC; PON3, forward 5 0-AGACACCATGG-
GGAAGCTTGTG, reverse 5 0-AGATCTAGAGGTCACAGTACA-
GAGC). After sequence veriﬁcation, the PON genes were cloned into
the mammalian expression vector pcDNA3.1(+) (Invitrogen), respec-
tively. The bacterial aiiA gene was also cloned in the same way as a
positive control [9].
Chinese hamster ovary (CHO) cells were grown as monolayers in
75 cm2 tissue culture ﬂasks at 37 C in 5% CO2 in an air-ventilated
humidiﬁed incubator. Cells were grown in DMEM with 10% FBS,
2 mM L-glutamine, 50 U penicillin/ml and 50 lg streptomycin/ml.
For expression of PON and aiiA genes, CHO cells were seeded at a
density of 2 · 105 cells/well in 24-well culture plates. Cells were trans-
fected with Lipofectamine 2000 (Invitrogen) following manufac-
turers instruction. One day after transfection, culture supernatant
was replaced with 200 ll culture medium containing 3OC12HSL,
and AHL bioassay was carried out as previously described.0
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Fig. 1. Inactivation of AHL activity by rabbit serum and reactivation
by acidiﬁcation. (A) Inactivation of AHL by rabbit serum. 3OC12HSL
(20 lM) was incubated for 2 h in PBS buﬀer (pH 7.3) with or without
rabbit serum (2%, v/v) at 37 C except otherwise stated. Sample: 1,
3OC12HSL in PBS; 2, rabbit serum on ice; 3, rabbit serum; 4,
denatured rabbit serum (boiling water for 3 min). (B) Eﬀects of EDTA
and Ca2+ on AHL-inactivation. Same conditions were used except the
concentration of serum, 3OC12HSL and incubation time was reduced
by half, respectively. EDTA and Ca2+ were added to a ﬁnal
concentration of 1 and 2 mM, respectively. Sample: 1, 3OC12HSL in
PBS supplemented with EDTA; 2, rabbit serum; 3, EDTA-treated
rabbit serum; 4, EDTA-treated serum then supplemented with Ca2+.
(C) Reactivation of AHL activity by acidiﬁcation. Rabbit serum
inactivated 3OC12HSL was acidiﬁed to pH 1–2 by adding hydrochlo-
ride acid to a ﬁnal concentration of 0.1 M and incubated at 37 C.
Sample was taken at diﬀerent time point as indicated and assayed
immediately.3. Results
3.1. Rabbit serum deactivated AHL
In a preliminary experiment intending to neutralize the
AHL-lactonase encoded by aiiA, we found that the rabbit
AiiA-speciﬁc antiserum inactivated 3OC12HSL quorum sens-
ing signal. Similar activity was also found in the normal rabbit
serum; addition of small amount of rabbit serum (2% v/v, or
0.9 mg total proteins per ml) almost completely inactivated
3OC12HSL (20 lM) at 37 C within 2 h. The inactivation
activity was most likely due to enzyme(s) because degradation
was very weak or not observed when the reaction took place at
low temperature (ice) or using boiling-denatured serum (Fig.
1A). Moreover, the serum-induced AHL inactivation could
be inhibited by addition of metal-chelating agent EDTA
(1 mM) and the inhibition was overcome by addition of
Ca2+ (2 mM), whereas EDTA alone had no eﬀect on AHL
activity (Fig. 1B). However, except for Ca2+, other divalent
metal ions including Mg2+, Mn2+, Fe2+, Zn2+, Co2+, Cu2+
and Pb2+ could not activate the AHL-degrading activity
of sera (data not shown). These ﬁndings indicate that AHL-
inactivation by serum is due to a calcium-dependent metallo-
hydrolase(s).
3.2. AHL hydrolysis by rabbit serum
Enzymatic degradation of AHL could occur at least at two
positions, with one at the homoserine lactone ring and the
other at the amide bond that links homoserine lactone and
fatty acid moiety. AHL-lactonase inactivates AHL signals by
hydrolyzing the lactone ring to produce acyl homoserine
[10,19], whereas AHL-acylase breaks the amide bond of
AHL signals to generate fatty acid and homoserine lactone,
respectively [20,21]. It is known that acyl homoserines can be
re-lactonized at low pH to produce AHLs. We found that acid-
iﬁcation of the serum-digested AHL samples for 30 min could
restore about 51% of the AHL activity, and incubation of theacidiﬁed reaction mixture for 1 h fully reversed the serum inac-
tivation (Fig. 1C). These ﬁndings suggest that the AHL-inacti-
vation enzyme in serum could be a lactonase. To verify the
possibility, we compared the reaction products digested by
rabbit serum and the puriﬁed AHL-lactonase, respectively.
HPLC analysis showed that the retention time of 3OC12HSL
was 9.93 min (Fig. 2A); reaction with rabbit serum or AHL-
lactonase produced only a single product peak with a retention
time of 3.52 and 3.53 (Fig. 2B and C), respectively. Mass spec-
trometry analysis showed that the serum-hydrolyzed product
Fig. 2. HPLC (left) and ESI-MS (right) analysis of 3OC12HSL and digestion product. (A) 3OC12HSL (5 mM). (B) AHL-lactonase (0.3 lg/ml)
reaction mixture. (C) rabbit serum (2% v/v) reaction mixture. (D) Mechanism of AHL-inactivation lactonase. Reaction was conducted at 37 C for
1 h, 20 ll of reaction mixtures were loaded to a C18 reverse-phase column (Symmetry) and eluted isocratically with 75:25 methanol/water (v/v) at a
ﬂow rate of 1 ml/min. ESI-MS was performed on a Finnigan/MAT LCQ ion-trap mass spectrometer.
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with a M–H ion m/z of 314 (Fig. 2B and C), which is the cal-
culated molecular size of acylhomoserine (Fig. 2D). These data
verify the existence of a lactonase-like enzyme(s) in rabbit
serum.
3.3. Substrate speciﬁcity of serum lactonase
To determine the substrate speciﬁcity of the rabbit serum
lactonase, we synthesized and tested a range of AHL deriva-
tives. The results showed that rabbit serum could degrade a
wide range of AHLs albeit with variable eﬃciencies (Fig. 3).
The substrate most eﬃciently degraded was 3OC12HSL, fol-
lowed by C10HSL and 3OC10HSL. The enzyme activity was
aﬀected by the length but not the substitution at the C3 posi-
tion of the acyl chain of the AHLs (Fig. 3).0
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Fig. 3. Substrate speciﬁcity of rabbit serum-lactonase. AHLs (100 lM)
were incubated with rabbit serum (1% v/v) for 10 min in PBS buﬀer,
followed by heating at 95 C for 3 min to stop the reaction. The
remaining AHL in the reaction mixture was calculated as described [9].3.4. AHL-inactivating activities varied among animal sera
To determine whether other animals also have a serum-
lactonase, we compared the activities of eight serum samples
from diﬀerent higher organisms. Although ﬁsh and chicken
sera did not show detectable AHL-inactivation activity, all
the tested mammalian sera including mouse, rabbit, horse,
goat, human and bovine had strong inactivation activity
against 3OC12HSL (Fig. 4). Among them, mouse and rabbitsera showed the highest relative enzyme activities. AHL degra-
dation activity was not detectable in ﬁsh or chicken sera even
after a prolonged incubation with 3OC12HSL for up to 12 h
and with increased serum concentrations (data not shown),
which precludes the possibility that these animal species may
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Fig. 4. Relative AHL-inactivation activities of animal and human
sera. 3OC12HSL (10 lM) and serum (the ﬁnal concentration of total
serum protein was 0.6 mg/ml) in PBS were incubated at 37 C for
10 min before assay.
3716 F. Yang et al. / FEBS Letters 579 (2005) 3713–3717have a low level or weak AHL inactivation enzymes. We also
found that all these mammalian serum enzymes had a similar
substrate pattern as the rabbit serum, with EDTA as a potent
inhibitor and the enzyme degradation could be reversed by
acidiﬁcation of the reaction mixture (data not shown).
3.5. Animal cell line CHO expressing PONs enzymes showed
strong AHL-inactivating activity
The enzyme properties of serum lactonase(s), such as Ca2+
dependent and EDTA sensitive, resemble those of human
and rabbit paraoxonases (PON1, PON2, and PON3), which
catalyze the degradation of a range of substrates, including
homoserine lactone and those structurally similar to AHL sig-
nals [22–24]. To determine whether PONs could degrade AHL
signals, we cloned PON1, PON2 and PON3 genes from mouse
in an expression vector. The recombinant animal CHO cells
expressing PONs were assayed against 3OC12HSL. Fig. 5
shows that agreeable with previous ﬁndings that CHO cells
had AHL-inactivation activity [14], expression of diﬀerent
mouse PON genes in the cells signiﬁcantly increased the per-
centage of AHL degradation by about 3-fold, which was al-
most comparable to the cell line synthesizing AiiA, a known
strong AHL-lactonase [19].0
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Fig. 5. Relative AHL-inactivation activities of CHO cell lines
expressing PON and AiiA enzymes. The transfected CHO cells were
cultured overnight. After taking away supernatants, 200 ll culture
medium containing 3OC12HSL in a ﬁnal concentration of 20 lM was
added to each cell line. Cells were incubated at 37 C for 30 min. The
remaining 3OC12HSL in the reaction supernatants were determined
by bioassay.4. Discussion
The P. aeruginosa signal 3OC12HSL is a molecule of dual
functions. It not only plays an important role in quorum-
sensing modulation of the bacterial virulence gene expression
[4,5], but also has a more direct function as a virulence factor
that interferes with human immune systems [25,26]. Conceiv-
ably, 3OC12HSL inactivation by host organisms might play
an important role in defending against the bacterial infection.
We have shown previously that expression of the bacterial
AHL-lactonase in transgenic plants quenched the pathogen
AHL signaling and attenuated infections by Erwinia caroto-
vora [10], indicating that quorum quenching could be a valu-
able strategy for the control of bacterial infections [11].
Following the previous report that AHL inactivation activity
in several human cell lines [14], we showed here for the ﬁrst
time that the serum samples from 6 mammalian species, i.e.,
human, rabbit, mouse, horse, goat and bovine, displayed
strong enzymatic degradation activity against a range of
AHL signals (Figs. 3 and 4).
Our results demonstrated that it was the lactonase(s) in
mammalian sera contributing to AHL inactivation. The ser-
um lactonase(s) opened up the lactone ring of 3OC12HSL
and produced a single product identical to that hydrolyzed
by the known bacterial AHL-lactonase encoded by aiiA
(Fig. 2). However, unlike AHL-lactonase, which is not a
metallohydrolase [19], serum lactonase activity was Ca2+
dependent and could be completely inhibited by metal chela-
tor EDTA.
The enzyme characteristics of serum lactonase(s) shown in
this study are highly reminiscent to those of paraoxonases
(PONs). PONs, including PON1, PON2, and PON3, are a
group of enzymes that play a key role in organophosphate
detoxiﬁcation and in prevention of atherosclerosis [23,27].
PON1 and PON3 are synthesized in the liver and secreted into
blood, whereas PON2 is not detectable in plasma but is ex-
pressed widely in a number of tissues [23]. PON1 and PON3
can also hydrolyze a broad range of esters and lactones
[22,24]. Coincidently, ﬁsh and avian species, in which no
PON activity was detected in previous study [28], did not show
any AHL inactivation activity (Fig. 4). On the other hand,
consistent with their comparable AHL-activation activities,
mammalian animals contain highly conserved PON1, PON2
and PON3 enzymes. Moreover, similar to the previous ﬁndings
that PONs are calcium-dependent enzymes in which the activ-
ity could be abolished by metal-chelating agent EDTA, we
found that AHL-degrading activity in mammalian sera is
inhibited by EDTA, which can be rescued by supplement of
Ca2+ (Fig. 1B). In addition, we found that the cloned PON1,
PON2 and PON3 genes from mouse encode strong AHL-lac-
tonase like activity when expressed in animal cell line CHO
(Fig. 5). All things considered, serum PONs are most likely
responsible for the observed AHL degradation activity, which
is consistent with the ﬁndings from Greenberg and collabora-
tors that the AHL-inactivation activity found in human airway
epithelia is due to PON enzymes [29]. During preparation of
this manuscript, another paper was published on-line, in which
the authors found that puriﬁed recombinant PONs from hu-
man, especially PON2, could eﬀectively hydrolyze several
AHL compounds including DL-3-oxo-hexanoyl-HSL, DL-
heptanoyl-HSL, DL-dodecanoyl-HSL, and DL-tetradeca-
noyl-HSL [30].
F. Yang et al. / FEBS Letters 579 (2005) 3713–3717 3717In addition to causing infection in skins and lungs, P. aeru-
ginosa also frequently causes nosocomial bloodstream infec-
tions, which is a serious infection with signiﬁcant patient
mortality and health care costs [31,32]. The ﬁndings from this
study press the need to investigate the potential factors aﬀect-
ing the activity and protein turnover of these serum quorum
quenching enzymes, especially in those nosocomial patients.
Further characterization of their eﬃciency in AHL degrada-
tion, as well as their expression and distribution patterns,
would allow for a fair assessment of their roles in defense
against QS-dependent bacterial infections.
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